Two bipyridinium-benzocrown ether conjugates, 1 and 2, each appending styrene and naphthalene units at the nitrogen atom of pyridine in pyridyl-pyridinium-benzocrown ether conjugates via methylene spacer, respectively, have been prepared to investigate their guest responsive color changes and sensing abilities.
Introduction
The development of chemosensors for metal ions and organic molecules is one of attractive challenges because of the promise for environmental and medical applications 1) . In particular the chemosensors that change their optical spectra in response to the metal cations has received considerable attention 2) . Host-guest complexation is one of effective strategies for developing such chemosensors. Among various hosts, crown ethers are typical hosts capable of binding metal cations and have advantages such as ready accessibility, facile chemical modification as well as their cation binding properties 3) . Therefore, crown ethers have been widely used as building blocks for the design of selective metal cation chemosensors. The modification of crown ethers with the appropriate chromophore causes not only signal generation in response to the guest but also unique guest binding abilities. A number of chemosensors based on the crown ether have been prepared for the detection of the metal ion 4) . Recently, we have (xxx) prepared benzocrown-bipyridinium conjugates capable of exhibiting color changes in response to alkali and alkaline earth metal ions 5) .
The conjugation of bipyridinium with benzocrown ether without any spacer caused not only the intramolecular charge transfer (CT) absorption in the visible region but also the color change by the presence of alkali and alkaline earth metal ions.
In the course of our investigation, we designed new benzocrown-bipyridinium conjugates, 1 and 2, which have similar structures to the previous benzocrown-bipyridinium conjugates (5) only with a difference in a substituent at the nitrogen atom in the benzocrown-bipyridinium conjugate. The larger aryl substituent unit such as styrene and naphthalene unit introduced through the methylene spacer for 1 and 2 as compared to the phenyl unit of 5 may affect the intramolecular CT absorptions as well as the guest binding properties. The guest sensing abilities of 1 and 2 may be different to that of 5. In this report, we wish to report the synthesis and guest binding behavior of 1 and 2 with comparing to 5 together with the analogue compounds, 3 and 4, which have no crown ether.
Experiments

Materials
All chemicals were reagents grade and used for without further purification unless otherwise noted. Alkali metal and alkaline earth metal perchlorate were used as the guest ions.
Synthesis
N-(styrylmethyl)-N'-(4-benzo-15-crown-5)-4,4'-bipyridinium hexafluorophosphate (1)
A 60 mL solution of N-(4'-benzo-15-crown-5)-4-pyridylpyridinium hexafluorophosphate (0.35 g, 0.76 mmol) in dry acetonitrile was added over 30 min to a 20 mL solution of 4-(chloromethyl)styrene (0.26 g, 1.5 mmol), which was heated under reflux for 2 days. After the solution was cooled to room temperature, the precipitate was filtered off and was reprecipitated twice from methanol and diethyl ether. The solid was dissolved in water and saturated aqueous solution containing ammonium hexafluorophosphate salt was added. The precipitate was filtered and washed with water. The product was obtained as a yellow solid (0.21 g, 44.6 %). 
N-(2-naphthylmethyl)-N'-(4-benzo
N-(styrylmethyl)-N'-(3,4-dimethoxyphenyl)-4,4'-bipyridinium hexafluorophosphate (3)
A 60 mL solution of N-(3,4-dimethoxyphenyl)-4-pyridylpyridinium hexafluorophosphate (0.35 g, 0.76 mmol) in dry acetonitrile was added over 30 min to a 20 mL solution of 4-(chloromethyl)styrene (0.26 g, 1.5 mmol), which was heated under reflux for 2 days. The product was purified in the same manner as in the case of 1. The product was obtained as a pale yellow solid (0.36 g, 82.2 %). 1 
N-(2-naphthylmethyl)-N'-(3,4-dimethoxyphenyl)-4,4'-bipyridinium hexafluorophosphate (4)
A 60 mL solution of N-(3,4-dimethoxyphenyl)-4-pyridylpyridinium hexafluorophosphate (0.35 g, 0.76 mmol) in dry acetonitrile was added over 30 min to a 20 mL solution of 2-(bromomethyl)naphthalene (0.26 g, 1.5 mmol), which was heated under reflux for 2 days. The product was purified in the same manner as in the case of 1. The product was obtained as a yellow solid (0.36 g, 76.8 %). 
Measurements
1 H NMR spectra were recorded on Bruker AVANCE 400 in acetonitrile-d3. Absorption spectra were measured on Shimadzu UV 3150 spectrophotometer at 25°C in an acetonitrile solution. The guest sensing experiments were performed with a 1 cm cell. 2 cm and 2 mm cells were also used in the experiment of the concentration dependency when the solution is lower and higher concentration, respectively.
Determination of binding constants
The complex formation can be described by the following equation in this system:
The host-guest binding constants for 1:1 association, K, were evaluated to following equation:
Where H 0 and G 0 represent the initial concentration of host, 1 or 2, and the guest. I represents the guest-induced absorption variation. When all hosts exist as the inclusion complex, I is equal to I max . The analysis was preformed by absorbance at 450 nm for 1 and 2.
Results and Discussions
All compounds were obtained as hexafluorophosphate salts, which are insoluble in water but soluble in acetonitrile. In addition, general bipyridinium compounds such as methyl viologen are known to possess the visible absorption based on ion-pair charge transfer when the counter anion is iodide and bromide 6) . Because of a poor electron-donating ability of hexafluorophosphate, however, the salts have no absorption in the visible region. So, bipyridinium hexafluorophosphate derivatives have some advantages for our system. Figure 1 shows the absorption spectra of crown ether derivatives, 1 and 2, and their analogues, 3 and 4, in acetonitrile. All compounds exhibited yellow with two similar absorption bands around 260 and 400 nm, although the absorption intensities around 260 nm for 1 and 3 were smaller than those for 2 and 4. Since it is known that the 4,4'-bipyridine derivatives whose two N-positions are substituted by methylene unit have no absorption in the visible region 6) , the absorption bands broadly observed around 400 nm for 1, 2, 3, and 4 are characteristic and are associated with the conjugated structure of the dialkoxyphenyl unit and the bipyridinium one, each being -electron-rich and -electron-deficient, respectively 7) .
The conjugation of these units through the -bond should cause the charge transfer (CT) absorption, where the dialkoxyphenyl unit and bipyridinium unit act as the donor and acceptor, respectively. The substituents linked through the methylene spacer at the N-position of bipyridinium-benzocrown conjugate hardly affect the CT absorptions, but affect the absorptions around 260 nm. This was confirmed by the absorption spectrum of 5, which has phenyl unit instead of styrene or naphthalene unit of 1 and 2 as the substituent at N-position in the bipyridinium-crown ether conjugate. The probe 5 also showed two absorption bands around 260 and 400 nm, the later of which is similar to 1 and 2, although the absorption intensity of 5 around 260 nm was smaller than those of 1 and 2. On the other hand, the absorption spectra of 3 and 4 were similar to those of 1 and 2, respectively, indicating that these compounds possess the similar -electron distribution character. To clarify the origin of the CT band, we have checked the concentration dependency of 1 and 2 because of the coexistence of the positive charge in bipyridinium and the crown ether attractive to the positive charge in a molecule.
No concentration dependencies of the molecular extinction coefficients at 260 and 400 nm for 1 and 2 as well as 3 and 4 were observed in the concentration ranging from 0.5 M to 0.1 mM. These indicate that the CT absorptions of 1, 2, 3 and 4 would occur intramolecularly but not intermolecularly. 
band was observed at 365 nm for 1 and 367 nm for 2, both being shifted to the blue side with approximately 30 nm as compared to those in the absence of the guests. In contrast, negligible shifts in the intramolecular CT absorptions of 3 and 4 by the presence of the guest were observed as shown by the absorption maxima observed at 393 nm for 3 and at 394 nm for 4 in the presence of 20 mM of Na + (Fig. 3) . These suggest that the crown ether unit is important for causing the guest-induced color change of 1 and 2, which is associated with the formation of host-guest inclusion complex with Na + . Analogues, 3 and 4, have no ability to interact with Na + because of non-crown ether compounds. The electrostatic coordination between Na + in the crown ether cavity and the unshared pair of electrons on the oxygen atoms in the crown ether unit decreases the donor character of the benzocrown ether unit, resulting in the blue shift of intramolecular CT absorption, i.e., color change 8) . Similar guest-induced spectral variations of 1 and 2 were observed upon addition of other alkaline metal ions and alkaline earth metal ions as the guest. Although the magnitude of the variations were different depending on the kind of ions, the large blue shift of the intramolecular CT peak induced by the presence of the guest was observed upon addition of alkaline earth metal ions rather than alkali metal ions, as summarized in Table 1 . This indicates that 1 and 2 form inclusion complexes with alkaline earth metal ions with larger affinity than those with alkali metal ions. The divalent cation guests would be included in the crown ether cavity stronger than the univalent cation ones. The observation of the isosbestic points for every guest-host combination suggests a 1:1 host-guest stoichiometry of the complex.
Gust-binding ability
We have investigated the guest-sensing abilities of 1 and 2 together with 5. The value of ΔI/I 0 was used as the sensitivity parameter, which is the value of the guest-induced change in absorbance at 450 nm normalized by the original absorbance.
The result is shown in Fig. 4. Probes, 1 and 2 [Na+]: (1) 0 mM, (2) 1.0 mM, (3) 2.6 mM, (4) 7.1 mM. Fig. 3 Absorption spectra of 3 and 4, alone and in the presence of Na + in acetonitrile. Table 1 The wavelength (nm) of the intramolecular CT absorption for 1 and 2, alone and in the presence of the guests.
none Li interpreted not only by the size-fitting effect but also by the charge effect. Because of the positive charged hosts, a static repulsion may occur strongly with the larger guest rather than the smaller one, resulting in Li ,which is opposite to the order of the sensitivity. The binding constant for Ba 2+ could not be obtained in both hosts because of poor fitting. These facts suggest that there is another factor to determine the sensitivity parameter and the binding constant of 1 and 2. The minimum concentrations detectable by the absorption variation, which are estimated from three times the standard deviations value, were 0.039 and 0.13 mM for 1 and 2 with Li + , respectively, while those or 1 and 2 with Mg 2+ were 0.029 and 0.05 mM, respectively.
In conclusion, hosts 1 and 2 are useful for detecting Li + among alkaline metal ions and Mg 2+ among divalent ions by changing the color. Other system or more sophisticated system designed can be constructed on this basis for detection of metal ions.
